Abstract: Iontophoresis is a noninvasive technique, based on the application of a constant low-intensity electric current to facilitate the release of a variety of drugs, whether ionized or not, through biological membranes. The objective of this research was to evaluate the effect of iontophoresis using different electric current intensities on the uptake of fluoride in dental enamel with artificial caries lesions. In this in vitro operator-blind experiment, bovine enamel blocks (n = 10/group) with caries-like lesions and predetermined surface hardness were randomized into 6 groups: placebo gel without fluoride applied with a current of 0.8 mA (negative control), 2% NaF gel without application of any current, and 2% NaF gel applied with currents of 0.1, 0.2, 0.4 and 0.8 mA. Cathodic iontophoresis was applied for 4 min. The concentration of loosely bound fluoride (calcium fluoride) and firmly bound fluoride (fluorapatite) was determined. The results were analyzed by the nonparametric KruskalWallis and Dunn tests. Iontophoresis at 0.8 mA, combined with the application of fluoridated gel (2% NaF), increased fluoride uptake in enamel with caries-like lesions, as either calcium fluoride or fluorapatite.
Introduction
Iontophoresis is a noninvasive technique, based on the application of a constant low-intensity electric current to facilitate the release of a variety of drugs, whether ionized or not, through biological membranes. 1 The electrical current is supplied by a battery or power source, and is distributed via positive (anode) and negative (cathode) electrodes through an electrolytic solution. When the current is applied, the cations that are in contact with the anode move in the direction of the cathode, whereas the anions at the cathode move in the opposite direction. 1, 2 Several studies evaluated the influence of iontophoresis on enhancing the skin penetration of drugs, and assessed its applicability as a tool in treating skin and eye diseases. 3, 4, 5 One of the advantages of using iontophoresis in dentistry is that it is a non-invasive method, whereby the drugs are administered directly at the treatment site with minimized adverse effects. 6, 7 Data on the use of iontophoresis with dental substances or compounds is still sparse in the Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript. scientific literature. However, there are some reports that highlight the positive results of using fluoride by iontophoresis among the various treatments offered for desensitization of hypersensitive dentin, by enabling the transfer of this ion to the dentinal tubules.
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Dental caries is a biofilm-sugar induced disease that is triggered by biofilm accumulation on the tooth surface and regular exposure to dietary carbohydrates. 9 Fluoride has a relevant effect on the caries development process due to its physicochemical action of decreasing demineralization and improving remineralization, when the biofilm pH drops after sugar exposure and then rises again. 10 Fluoride has been added to several commercial products for individual and professional use. 9 Moreover, it is well known that fluoride applied to tooth surfaces reacts with enamel to form two products: loosely bound fluoride (calcium fluoride-like material, CaF 2 ) and firmly bound fluoride (fluorapatite, FA). Since CaF 2 has been reported to be responsible for the effect of fluoride on caries control, 11 it is important to evaluate how fluoride formulations are able to form this type of compound. Nevertheless, dental caries is still considered one of the most prevalent chronic diseases, 12 and the development of new therapeutic strategies to improve fluoride uptake by the dental substrate is expedient. Thus, the objective of this research was to evaluate the effect of iontophoresis with different electric current intensities on fluoride uptake in dental enamel with artificial caries lesion.
Methodology
This study was approved by the Research Ethics Committee of the Federal University of São Paulo (UNIFESP), under protocol number 9249041114.
Experimental design
In this in vitro operator-blind experiment, bovine enamel blocks (n = 10/group) with caries-like lesions and predetermined surface hardness values, were randomized into 6 groups: placebo gel without fluoride applied with a current of 0.8 mA (negative control), 2% NaF gel without application of any current, and 2% NaF gel applied with currents of 0.1, 0.2, 0.4 and 0.8 mA. The enamel blocks with caries lesions were randomized into the experimental groups so that the mean value of surface hardness loss percentage (%SHL) of each group did not statistically differ from the other groups. The dental blocks with caries lesions were treated with the gels for 4 min at room temperature. The fluoride formulation contained sodium fluoride (NaF) in a 2% concentration, embedded in a gel composed of carboxymethyl cellulose and propylene glycol. All the formulations had a final pH of 6.0. The enamel surface hardness was determined a second time right after the treatments, and the percentage of surface hardness recovery was calculated. Then, loosely bound fluoride (calcium fluoride-like material; CaF 2 ) was extracted with KOH and analyzed by an F-specific ion electrode. Next, two consecutive layers of enamel were removed from the dental blocks after acid etching, and firmly bound fluoride (fluorapatite; FA) was determined by an F-specific ion electrode.
Preparation and initial selection of enamel blocks
Healthy bovine incisors were stored in a 2% formaldehyde pH 7.0 solution for a period of at least 30 days for disinfection before conducting any experimental procedure. 13 Enamel blocks (4x4x2 mm) were obtained and the dentine was flattened. Afterwards, the enamel surface was flattened and polished. The dental blocks were selected by measuring the surface hardness at the central region of each block from three indentations, at a distance of 100 µm between each other, using a Future Tech microhardness tester (Future-Tech FM Corp., Tokyo, Japan), FM-7 model, coupled to FM-ARS software and a Knoop penetrator, with a 50 g load for 5 s. 14 The selection criteria was based on the mean and standard deviation of the surface hardness values of each dental block. Dental blocks with standard deviation greater than 10% were excluded from the experiment. The dental blocks were also visually analyzed for cracks or stains, in which case they were excluded.
Induction of artificial carious lesion in enamel
According to the Queiroz et al. 15 protocol, 132 enamel blocks, initially selected by surface hardness, were immersed in 0.05 M acetate buffer pH 5.0, containing 1.28 mmol/L Ca, 0.74 mmol/L Pi (inorganic phosphorus) and 0.03 μg F/mL for 16 h, at 37°C, without shaking. This demineralizing solution is 50% saturated in respect to dental enamel, and induces a typical subsurface demineralization with no characteristics of erosion. 16 Surface hardness analysis of the carious enamel blocks was performed a second time under the same conditions as those described above, and the percentage of surface hardness loss ([%SHL = 100 (SH after caries induction -baseline SH)/baseline SH]) was calculated.
Reaction of fluoride gel with dental blocks associated with or without iontophoresis application A device to place the enamel block in contact with the formulations was developed to trigger the reaction of the gels with the dental blocks ( Figure 1 ). The enamel area exposed to the formulation was 16 mm 2 . Two grams of each formulation was used in the donor compartment ( Figure 2) . A chloride silver electrode (cathode) was inserted in the donor compartment, and a silver electrode (anode) was placed on the side of the cell, against the dental block, thus closing the electrical circuit for the passage of electric current (Figure 3 ). Different intensities of constant electric current were applied with an electric source (FUTRON) for 4 min at room temperature. After this time, the dental blocks were removed from the device and evaluated for surface hardness and concentration of loosely and firmly bound fluoride.
Preparation of electrodes
Silver (Ag) and silver chloride (AgCl) electrodes were prepared, 17 using a silver wire dipped in molten Figure 1 . Acrylic apparatus where the dental enamel block was placed at the center. Glass apparatus placed over the acrylic apparatus, where 2 g of the formulation was added. At the side of the acrilic apparatus, there was an orifice, where the silver wire was placed, getting into contact with the side of the dental block. silver chloride in a porcelain crucible, and bent at one end. The negatively charged electrode (cathode) was obtained with solidification of the silver chloride at the end of the silver wire.
Surface hardness evaluation after the treatments
After receiving the treatments, each block was washed with purified water and again submitted to surface hardness analysis, with the same specifications already described. The percentage of surface hardness recovery ([%SHR = 100 (SH after treatment -SH after caries induction)/(baseline SH -SH after caries induction])) was calculated.
Determination of fluoride uptake in enamel
The loosely bound fluoride was extracted by immersing the blocks individually in 0.5 mL of 1.0 M KOH solution at room temperature and agitating gently for 24 h. 18 The extract was then neutralized with 0.5 mL of TISAB II containing 1.0 M HCl and analyzed with a fluoride-specific electrode coupled to a previously calibrated ion analyzer. The loosely bound fluoride formed on the enamel blocks was expressed as µg F/cm 2 . The firmly bound fluoride was extracted by removing two consecutive layers of enamel from the blocks after immersing them first in 0.25 mL of 0.5 M HCl for 15 s and then in fresh acid for another 15 s, under stirring. This was followed by buffering, using the same volume of TISAB II, at pH 5.0, modified by adding 20 g NaOH/L to neutralize the HCl used in the biopsy. 19 The firmly bound fluoride formed on the blocks was expressed as µg F/cm 2 for the total F removed, by adding the amount found in the two layers.
Statistical analysis
The assumptions of equality of variances and normal distribution of errors were checked by the Shapiro-Wilks test for all the response variables tested, 20 and the data were analyzed because they did not correspond to the presuppositions of a parametric analysis, according to the nonparametric Kruskal-Wallis and Dunn tests. A significance level of 5% was considered for all the analyses.
Results
The sound enamel blocks were selected for the study because of their surface hardness, and showed a mean of 323.1 ± 14.2 kg/mm 2 (Knoop hardness number). After induction of caries-like lesions, 60 enamel blocks were selected based on their surface hardness value, which was 214.5 ± 14.3 kg/mm 2 . Table 1 presents the percentage of surface hardness loss (%SHL) of the dental blocks, according to the different experimental groups, and the percentage of surface hardness recovery (%SHR) after exposure to the treatments. There was no statistically significant difference among the groups in regard to %SHL, before the treatments. An increase in %SHR was observed in all the groups treated with fluoride, mainly in the group treated with iontophoresis at the intensity of 0.8 mA; this group showed the highest median values. However, no significant difference was observed among the groups treated with fluoride Table 1 . Median values (maximum and minimum) of percentage of surface hardness loss (%SHL) and of surface hardness recovery (%SHR) of the dental blocks in the different groups (n = 10). gel and iontophoresis, regardless of the intensity of the current applied. According to the data shown in Table 2 , iontophoresis was seen to interfere with the formation of CaF 2 on the enamel surface. Even though the groups treated with fluoride gel and with currents of 0.1, 0.2 and 0.4 mA did not statistically differ from one another or from the group with fluoride gel and no application of current, the group treated with fluoride and a current of 0.8 mA showed a greater amount of CaF 2 on the surface of the enamel, thus differing statistically from the fluoride group with no current application. Analyzing the effect of iontophoresis on fluorapatite (FA) uptake in enamel with caries-like lesions, the group treated with fluoride and a current of 0.8 mA showed the greatest amount of FA formed, statistically differing from the fluoride group with no current application and the fluoride group with a current application of 0.1 mA.
Discussion
The present investigation used a gel prepared with carboxymethylcellulose, a polymer accepted for pharmaceutical use in different application sites. 17 Its use as a vehicle for iontophoresis is beneficial, since it is inert under physiological conditions, nontoxic, and has thermal stability. 17 The pharmaceutical form of iontophoretic release of a drug can be liquid or semi-solid, but should be hydrophilic to allow the passage of electric current. Most of the time, aqueous solutions are used to incorporate the drug to be released. However, hydrophilic gels also have the ability to conduct electric current, and because they are viscous solutions, they remain at the application site, and do not spread out, as occurs with other aqueous solutions. Moreover, the permanence of the formulation at the application site offers greater therapeutic efficacy.
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During iontophoresis, the fluoride ions in gel formulation come into contact with the cathode (negative electrode) and move towards the anode, whereas the Ca +2 in the hydroxyapatite crystalcomposing the tooth enamel-moves in the opposite direction. This movement of ions seems to facilitate the interaction of fluoride with calcium, to form CaF 2 . As noted in Table 2 , the application of an electrical current of greater intensity (0.8 mA) resulted in increased formation of CaF 2 . Apparently, a more intense electric current serves to facilitate both the migration of Ca +2 from the hydroxyapatite, and the consequent formation of CaF 2 . The gradual increase in the intensity of the electric current also seems to facilitate the release of PO 4 2-from the hydroxyapatite crystal, which favors FA formation ( Table 2) .
Incorporation of fluoride ions in deeper layers of the teeth required application of higher intensities of electric current. In this respect, the present study investigated using carboxymethylcellulose gel to apply fluoride and to conduct the electrical currents selected for this study (0.1, 0.2, 0.4 and 0.8 mA) steadily through the circuit formed using the dental block and Ag/AgCl electrodes, for 4 min. It's noteworthy to mention that the maximum electric current applied in this study was 0.8 mA due to reports in the literature that applying an electric current greater than 1 mA can damage odontoblasts, causing damage to the dental pulp. This maximum current density was chosen based on other scientific publications. Several articles demonstrate the application of this technique in soft tissues, with a current intensity ranging from 0.1 to 0.8 mA/cm². 22, 23, 24, 25 This low intensity current was proposed for application to an exposed tooth, because it would not promote significant and detectable alterations in the macro amplitude of the dental structure. The use of current and time intensity values was chosen considering the safety of the process; the values were proposed and substantiated by findings in the literature applied to biological membranes and tissues. 22, 23, 24, 25 Critically evaluating the application of this dental technique in a more global context could attract additional research to clarify the effects of different electric current intensities on the histological and functional characteristics of soft tissues, as a proposal for a new study.
Unlike the study by Kim and Kim, 26 our objective was not to evaluate enamel remineralization after the fluoride iontophoresis treatment of the blocks with caries-like lesions. Our study conducted only one application of fluoride iontophoresis, and the enamel blocks were not subsequently exposed to artificial saliva. Moreover, enamel surface hardness was the parameter used to select the sound blocks and those with caries-like lesion, so that the experimental groups would not statistically differ in regard to %SHL before application of the treatments. The slight surface hardness recovery shown by the enamel blocks both treated and not treated with fluoride under iontophoresis was merely the result of fluoride precipitation in the outermost enamel layer. A limitation of our study is that the higher amount of fluoride uptake may not necessarily have a preventive or reparative effect. Nevertheless, these effects should be tested in future studies using other methodologies.
Further studies testing other concentrations and formulations of fluoride should also be conducted. It would indeed be interesting to test fluoride iontophoresis in a pH-cycling regimen to verify whether there is any difference in fluoride release from calcium fluoride formed from fluoride iontophoresis, compared with other fluoride products.
Conclusion
Iontophoresis at 0.8 mA, combined with the application of fluoridated gel (2% NaF), increased the fluoride uptake in enamel with caries-like lesions, as either calcium fluoride or fluorapatite.
